2؉ ions are essential for guanosine triphosphatase (GTPase) activity and play key roles in guanine nucleotide binding and preserving the structural integrity of GTP-binding proteins. We determined the crystal structure of a small GTPase RHOA complexed with GDP in the absence of Mg 2؉ at 2.0-Å resolution. Elimination of a Mg 2؉ ion induces significant conformational changes in the switch I region that opens up the nucleotide-binding site. Similar structural changes have been observed in the switch regions of Ha-Ras bound to its guanine nucleotide exchange factor, Sos. This RHOA-GDP structure reveals an important regulatory role for Mg 2؉ and suggests that guanine nucleotide exchange factor may utilize this feature of switch I to produce an open conformation in GDP/GTP exchange.
Rho is a member of a Ras homology family of regulatory cytosolic small GTPases; it has three mammalian isoforms, RhoA, RhoB, and RhoC that exhibit high sequence homology with ϳ83% identities. The Rho family members, including Rac and Cdc42, regulate a wide spectrum of cellular processes, including regulation of the cytoskeleton and cell adhesion, smooth muscle contraction, cell morphology, cell motility, neurite outgrowth/retraction, cytokinesis, and phagocytosis (for review see Refs. [1] [2] [3] .
Like all members of the Ras superfamily, RHOA functions as a molecular switch, cycling an active GTP-and an inactive GDP-bound state. Extensive structural studies have shown that large conformational changes occur between the two states in two regions, designated switch I and switch II. These switch regions play important roles in interactions with downstream targets to transduce signals. The GTP/GDP cycle is regulated by accessory proteins such as GTPase-activating proteins and guanine nucleotide exchange factors (GEFs). 1 The active GTPbound form is converted to the GDP-bound form by its intrinsic GTPase activity, and GTPase-activating protein often dramatically enhances the rate of GTP hydrolysis. In contrast, the inactive GDP-bound form is turned on by GEF that accelerates the exchange of GTP for GDP. Crystallographic studies of GEFsmall G protein complexes (4, 5) have shown that GEFs induce the GDP/GTP exchange through transient disruption of the Mg 2ϩ coordination in the nucleotide-binding pocket while stabilizing a nucleotide-free and cation-free conformation.
Mg 2ϩ is an essential cofactor for not only small GTPases but also other GTPases. In the GTP-and GDP-bound forms of the small GTPases, Mg 2ϩ is coordinated in an octahedral arrangement with a high (nanomolar range) and moderate affinity (micromolar range), respectively (6, 7) . In fact, the affinity of Ras for GDP or GTP decreases Ͼ500-fold in the absence of Mg 2ϩ (8 -10) . Although the conformational changes of small GTPases between the GDP-and GTP-bound forms have been extensively studied, little is known about the structures of the Mg 2ϩ -free forms. Biochemical data indicate that the dissociation of Mg 2ϩ leads to a large conformational change (7, 11) . Recently, Rudolph et al. (12) have reported the structure of Cdc42 complexed with GDPNH 2 , a hydrolyzed product of GppNHp. This structure has been shown to be a Mg 2ϩ -free form, but the switch regions are invisible, and GDPNH 2 is not a natural ligand.
We report here the crystal structure of the Mg 2ϩ -free form of GDP-bound RHOA at 2.0-Å resolution. The Mg 2ϩ -free GDPbound structure of RHOA shows large conformational changes; these changes are especially large in the switch I region, which is distinct from both structures of the GDP/Mg 2ϩ -bound (13) and GTP␥S/Mg 2ϩ -bound forms (14) . This structure indicates an intrinsic ability of switch I to fold into an open conformation in the absence of Mg 2ϩ . The structural changes have several similarities with those of Ha-Ras bound to its GEF, Sos (4). This structure reveals an important regulatory role for Mg 2ϩ and suggests that GEF might make use of this intrinsic ability of switch I in GDP/GTP exchange.
EXPERIMENTAL PROCEDURES
Preparation and Crystallization-The cloning, expression, and purification of the dominantly active form of recombinant human RHOA, a mutant in which glycine 14 is replaced by valine (RHOA , hereafter referred to as RHOA), complexed with GDP and Mg 2ϩ , were carried out according to the methods described previously (14) . In brief, a truncated (residues 1-181 out of 194) RHOA was cloned into the vector plasmid pRSET B (Amersham Pharmacia Biotech), expressed as a His-tagged protein, and purified by column chromatography using HiTrap chelating (Amersham Pharmacia Biotech) with the Ni 2ϩ ion. To separate the GDP-bound form from the GTP-bound form, further purification was carried out using HiTrap Q (Amersham Pharmacia Biotech), an anion exchanger, yielding RHOA complexed with GDP as determined by SDS-polyacrylamide gel electrophoresis and native polyacrylamide gel electrophoresis. The protein solution was concentrated by Centricon-10 * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The 1 The abbreviations used are: GEF, guanine-nucleotide exchange factor; GTPase, guanosine triphosphatase; GDPNH 2 , guanosine-5Ј-diphospho-␤-amidate;GppNHp,guanosine-5Ј-(␤,␥-imido)triphosphate;GTP␥S, guanosine 5Ј-(3-O-thio)-triphosphate; r.m.s., root mean square.
(Amicon Inc.) for crystallization to about 6 mg/ml. The resulting sample, used in this study, was verified with matrix-assisted laser desorption/ ionization time-of-flight mass spectroscopy (LMS-ELITE, PerSeptive Diagnostics) and N-terminal analysis (M492, Applied Biosystems), which showed spontaneous truncation of N-terminal His tag during the preparation (14) .
Crystals were obtained at 4°C by the hanging-drop vapor diffusion method from solutions containing 3 mg/ml RHOA-GDP, 10 mM HEPES, pH 7.5, 50 mM KCl, 2.5 mM 2-mercaptoethanol, 0.5 mM MgCl 2 , 50 mM citrate, pH 5.5, 0.6 M Li 2 SO 4 , 5% Polyethylene Glycol-400 equilibrated against 100 mM citrate, pH 5.5, 1.2 M Li 2 SO 4 , and 10% Polyethylene Glycol-400. Typically, crystals grew to 0.3 ϫ 0.3 ϫ 0.2 mm in a week. The crystals were found to diffract up to 1.9-Å resolution and to belong to space group P4 1 2 1 2 or P4 3 2 1 2 (a ϭ b ϭ 91.2 Å, c ϭ 56.5 Å), with a V m value (15) of 2.80 Å 3 /Da, assuming one molecule in the asymmetric unit. Data Collection, Structure Determination, and Refinement-Intensity data were collected at Ϫ185°C using an R-AXIS IV imaging plate detector with CuK ␣ x-rays generated by a rotating anode FR (Rigaku). The diffraction data were processed using DENZO (Mac Science). A summary of the data processing statistics is given in Table I .
The initial phases were calculated by molecular replacement with the program AMoRe (16) using a search model based on the structure of human RHOA Asn-25 -GDP-Mg 2ϩ (PDB code 1FTN; see Ref. 13 ). These calculations used the reflections from 6 to 3 Å, and the radius of integration was 20 Å. AMoRe gave the highest correlation coefficient (0.457) and the lowest R factor (0.460) when the crystal belonged to P4 3 2 1 2. The second highest correlation coefficient and the second lowest R factor were 0.340 and 0.495, respectively. After optimization of the highest solution by a simultaneous six-dimensional search, we obtained a rotational matrix of ␣ ϭ 77.71°, ␤ ϭ 56.59°, and ␥ ϭ 140.20°with Eulerian angles and a translational matrix of x ϭ 0.9141, y ϭ 0.7042, and z ϭ 0.2976 with the fractions of unit cell axes. This optimization led to a correlation coefficient of 0.628 and an R factor of 0.40.
Model Building and Refinement-The initial electron density map using phases of the starting model showed three large discrepancies around the switch I and II regions and a 13-residue insertion helix unique to the Rho family. These three regions were inspected on the resulting 2F o Ϫ F c and omit maps that were generated with the program O (17). The structure was built and refined by the method of simulated annealing through alternating cycles using the program O and CNS (18) , respectively. After several cycles of refinement and incorporating solvent water molecules using the diffraction data between 100 and 2.0 Å, we were able to obtain a reliable enough structure with an R work factor of 20.1% and an R free factor of 25.2%. The GDP molecule was clearly observed in its omit map, but no Mg 2ϩ ion was observed in this omit map or in the final 2F o Ϫ F c map. Since three N-terminal residues were disordered, no model was built for these regions. A summary of the refinement statistics are presented in Table I .
The structure consists of one RHOA molecule of 179 residues, one GDP, and 187 water molecules. The side chains of Leu-69, Arg-128, and Glu-142 are poorly defined in the current structure and are replaced by alanines. There are no residues in disallowed regions as defined in PROCHECK (19) , and 93.0% of all residues are in most favored regions and 7.0% are in additional allowed regions. The structure was inspected and illustrated using the program O, MOLSCRIPT (20) rendered with RASTER3D (21), and GRASP (22) . The atomic coordinates and structure factors have been deposited in the Protein Data Bank (1DPF).
Fluorescence Measurements-Fluorescence emission spectra were recorded with a Hitachi model F-4500 spectrophotometer. The excitation wavelength was 290 nm, and emission data between 300 and 400 nm were collected at room temperature. Fluorescence emissions of the purified GDP-bound form of RHOA were measured both in solution A (50 mM citrate, 1 M Li 2 SO 4 , pH 5.5) and solution B (50 mM acetate, 1 M KCl, pH 5.5). The protein concentration was 0.56 M. Changes in the emission spectra induced by the addition of 5 mM EDTA or 100 mM Mg 2ϩ were also monitored.
RESULTS
Overall Structure-The tertiary fold of the Mg 2ϩ -free GDPbound form of RHOA (hereafter referred to as the Mg 2ϩ -free form) (Fig. 1a) is very similar to that of the GDP/Mg 2ϩ -bound form of RHOA (the GDP/Mg 2ϩ -bound form) and the GTP␥S/ Mg 2ϩ -bound form of RHOA (the GTP␥S/Mg 2ϩ -bound form), consisting of six ␤-strands (B1-B6), five ␣-helices (A1, A3, A3Ј, A4, and A5), and three short 3 10 -helices (H1-H3), although one ion in the current structure. Fig. 3 shows an omit map for GDP around the nucleotide-binding site. The electron density clearly shows the GDP molecule, but no density was identified that could be interpreted as a Mg 2ϩ ion. Since removal of Mg 2ϩ leads to a change in fluorescence intensity in Ras (6), Rab (7, 11) , and Cdc42 (23), tryptophan fluorescence emissions were measured to verify the Mg 2ϩ -unbound state of the RHOA-GDP complex (Fig. 4) . In solution A, which is similar to the crystallization conditions, the addition of EDTA caused no significant change. In contrast, as a reference, the spectrum changed in solution B after the addition of EDTA. The re-addition of Mg 2ϩ to both solutions led to a change of fluorescence. These results indicate that no Mg 2ϩ ion was bound to the RHOA-GDP complex in solution A, implying that RHOA was in a Mg 2ϩ -free state under the crystallization conditions. The Mg 2ϩ dissociation from RHOA seems to be caused by Li 2 SO 4 at high concentrations. No such effect was observed for KCl at 1 M concentration (Fig. 4) .
The lack of Mg 2ϩ leads to significant changes in the GDPprotein and water molecule interactions (Fig. 5) . There are no direct or water-mediated interactions between switch I and the nucleotide. Lys-18, which recognizes the ␤-phosphate group and the water molecule in the GDP/Mg 2ϩ -bound form, forms a salt bridge with Glu-64. Residues in switch I including Thr-37 
, where F o (h) and F c (h) are observed and calculated reflections. R free is R cryst that was calculated using 5% of the data, chosen randomly and omitted from the subsequent structure refinement. -bound form occupies the position of one of the additional water molecules coordinated to the phosphate, whereas this residue of the current structure is located far away. The glycosyl conformation of GDP is anti with a C2Ј-endo sugar pucker; this structure is basically identical to the sugar conformations of GDP and GTP␥S complexed with RHOA in the Mg 2ϩ -bound states.
Compared with the GDP/Mg 2ϩ -bound form, the nucleotide of the current structure seems to be less tightly bound to RHOA because of the lack of several contacts including coordination to the Mg 2ϩ ion. In the case of Rab (7), the removal of Mg 2ϩ leads to a significant increase (ϳ1000-fold) in the dissociation rate of the bound nucleotide, whereas the association rate does not change significantly (24) . This phenomenon coincides with the decreased contacts observed in the current Mg 2ϩ -free form. 
Mg 2ϩ -free Form of RHOA-GDP Complex
Moreover, the averaged B factor (23.9 Å 2 ) of the nucleotide is somewhat higher than that of the protein atoms (20.7 Å 2 ) in the Mg 2ϩ -free form, whereas the former (29.1 Å 2 ) is lower than the latter (16.7 Å 2 ) in the GDP/Mg 2ϩ -bound form. These findings also indicate that GDP is loosely bound in the Mg 2ϩ -free form. Structural Changes in the Switch I Region-The most notable feature of the current structure is the drastic conformational changes in the switch I region caused by the lack of a Mg 2ϩ ion. The switch I regions in both the GDP/Mg 2ϩ -bound and GTP␥S/Mg 2ϩ -bound forms normally rise up from the end of helix A1 toward the phosphate-binding loop (P-loop) to sandwich the nucleotide. However, in the Mg 2ϩ -free form, switch I is completely removed from the nucleotide-binding site and cannot participate in nucleotide recognition (Fig. 1, b and c) . The electron density around switch I is well defined, and the averaged B factor is relatively low (19. (Fig. 6) . The switch I regions in the Mg 2ϩ -free and GDP/Mg 2ϩ -bound forms protrude toward the solvent region with similar accessible surface areas, although the orientations are significantly different. It may be possible to fix the conformation of switch I by crystal packing. However, switch I does not have extensive contact with the symmetry-related molecules. The residues around the edges of switch I are involved in the crystal packing, but the contact areas are similar to that of the GDP/Mg 2ϩ -bound form (ϳ600 Å 2 ). Ordered Switch II Region-The switch II region is in general disordered in the GDP-bound forms of small GTPases due to the lack of a ␥-phosphate group. In fact, residues 63-65 of switch II cannot be modeled into electron density in the GDP/ Mg 2ϩ -bound form of RHOA (13) 
clear density around the switch II region due to the contacts among the bulky side chain of Val-14 in the P-loop, and Gly-62 and Gln-63 in switch II in addition to the water-mediated hydrogen bonds to the ␥-phosphate group. In the current Mg 2ϩ -free form, the electron density is well defined around this region with an averaged B factor (21.8 Å 2 ). In addition to the Lys-18 to Glu-64 contact, Val-14 probably makes contact with Glu-64 in a similar way to that in the GTP␥S/Mg 2ϩ -bound form. The crystal packing is unlikely to alter significantly the stability of the conformation, since the contact area is very small (ϳ240 Å 2 ). One 3 10 -helix (H1) is converted to a ␤-turn, whereas the two 3 10 -helices, H2 and H3, are retained. Compared with the GDP/Mg 2ϩ -bound form, the structural changes occur around Thr-60, which is the starting residue of switch II with a ⌬ of 165°. DISCUSSION We have for the first time visualized the structure of the Mg 2ϩ -free form of the small GTPases bound to GDP, and we have shown that the loss of Mg 2ϩ induces the large conformational changes. In general, switch regions are intrinsically mobile. For example, even the active form of Rac1 shows poor density around switch I (25) . The absence of Mg 2ϩ state would enhance the mobility of the switch I region. Moreover, this structural feature allows a comparison with the structure of the conformation of Ras complexed with the Cdc25 domain of Son of sevenless (Sos) which is a Ras-GEF (4) in which the Ras structure exhibits a cation-free form and large conformational changes in the switch regions. GEFs for the Rho family GTPases share a common sequence motif, designated as the Dbl homology domain (26) . They have a helical domain like Sos Cdc25. Moreover, the structure of the Dbl homology domain, together with sequence and NMR spectroscopic and mutational analysis (27) (28) (29) , leads us to suggest that a conserved helix may contain a Rho-or Rac-binding site similar to that offered to Ras by the H helix of Sos and that the nucleotide exchange mechanism is similar in the Rho and Ras families. Therefore, it is reasonable to compare the Ras structure in the Ras-Sos complex with the current Mg 2ϩ -free form of RHOA. One striking similarity between Ras bound to Sos and the current RHOA structure is that switch I of both structures is far from the nucleotide-binding site that opens the pocket (Fig.  1, b and c) . The large hinge motion of the Ras switch I in the transformation to the open form is derived from a change in the torsion angle localized at the N terminus of switch I similar to that occurring in RHOA. The torsion angle of Asn-26 in Ras (Asp-28 in RHOA) changes dramatically, with a ⌬ of 140°. Strikingly similar interactions are also observed in both structures. In the Ras-Sos complex, Glu-60 in switch II is hydrogenbonded to the amide nitrogen of Gly-62 and forms a salt bridge with Lys-16 in the P-loop that is a crucial phosphate ligand. In the Mg 2ϩ -free form of RHOA, the same contact occurs as described previously: Glu-64 (Glu-62 in Ras) comes into contact with Lys-18 (Lys-16 in Ras) and Gly-62. It should be noted that these three residues (Lys, Glu, and Gly) are completely conserved among the Rho family and Ras. Moreover, Ala-61 in the 
Mg 2ϩ -free form is near the Mg 2ϩ -binding site similar to Ala-59 in the Ras-Sos complex, with Ala-59 being thrust into the phosphate-and Mg 2ϩ -binding sites (Fig. 3) . It is of particular interest that the overall conformation of the switch II region is quite similar. The superposition of the two switch II regions yields an r.m.s. deviation of only 1.0 Å for the C␣ carbons. Both of these regions form ␤-turns as a result of conformational change. GEFs has been assumed to promote GDP dissociation from its GTPase by disrupting the Mg 2ϩ coordination (for review see Refs. 30 -32) . Actually, in the Ras-Sos complex, a hydrophobic residue blocks the Mg 2ϩ -binding site, and an acidic residue displaces the ␣-phosphate group of GDP. GEF also stabilizes the nucleotide-and cation-free conformation by tightly holding the switch II region. Taking these observations into account, the crystal structure of the Mg 2ϩ -free form suggests that the disruption of Mg 2ϩ coordination induces a large conformational change to prepare a template for GEF binding. (31) . In addition, the chelation of Mg 2ϩ results in an increased rate of GDP dissociation and allows exchange with exogenous nucleotides (9) . The structure of GDP/Mg 2ϩ -bound form in RHOA clearly shows that Mg 2ϩ coordinates directly with the ␤-phosphates of GDP and Thr-37 (13) , and its features are consistent with the highly conserved Mg 2ϩ coordination among other small GTPases (for review see Ref. 36 ). Moreover, recent structural studies of Rac or Cdc42 complexed with its guanine nucleotide dissociation inhibitors also provide a dissociation inhibitory mechanism based on the stabilization of the Mg 2ϩ binding (37, 38) . As a consequence, absence of Mg 2ϩ leads to a drastic decrease for GDP binding affinity (9, 10) and large conformational change (23) .
Although the nucleotide exchange mechanisms described in the Ras-Sos and Arf1-Gea2 complexes share similarities, in that GEFs engage switch II extensively and induce a large conformational change in switch I to open up the nucleotidebinding site, Arf1-Gea2 is less similar to the Mg 2ϩ -free form of RHOA than the Ras-Sos complex. For example, Lys-30 in Arf1 (Lys-18 in Rho) makes contact with Glu from Gea2. This difference is probably due to the catalytic domains of the different classes of GEFs sharing no sequence homology and being structurally unrelated, and it may be a distinctive feature in the nucleotide exchange mechanism.
In contrast to small GTPases, some structures of Mg 2ϩ -free forms in GTPases have been reported. The structure of a heterotrimeric GTPase ␣-subunit has been determined in a GDPbound form complexed with Mg 2ϩ (39) but also without Mg 2ϩ (40) . The heterotrimeric G proteins do not necessarily require Mg 2ϩ in order to bind GDP or to form complexes with G␤␥, since the helical domain is thought to act as a barrier to GDP release. Significant conformational changes in switch I have not been observed, and switch II is disordered in the G i ␣ 1 -GDP complex (40) , whereas both regions are well ordered in the G t ␣-GDP-Mg 2ϩ complex (39) . The structure of the EF-G-GDP complex (41) also shows that the complex is formed without Mg 2ϩ binding. EF-G binds weakly to GDP and appears to undergo nucleotide exchange without the need for an exchange factor. Recently, three forms, Mg 2ϩ -GDP, GDP, and apo (GDPand Mg 2ϩ -free), of signal recognition particle GTPase have been determined by x-ray crystallography (42, 43) . This protein also does not require a separate nucleotide exchange factor, since the signal recognition particle GTPases have a low affinity for GDP in vitro. Freymann et al. (42) have proposed that these three structures suggest a pathway for the stepwise release of Mg 2ϩ and GDP; first, Mg 2ϩ is released and then the release of GDP occurs. It is of interest that upon the release of the Mg 2ϩ ion, Lys-111 (Lys-18 in Rho and Lys-16 in Ras), which is coordinated to the ␤-phosphate group, forms a salt bridge with Asp-187 in motif III which corresponds to switch II of small GTPases.
It is assumed that GEFs activate GTPases through the disruption of Mg 2ϩ coordination. It is possible that GEFs can catch a protein in the Mg 2ϩ -free state that is spontaneously dissociated, since Mg 2ϩ has an apparent equilibrium dissociation constant in the micromolar range and is in fast equilibrium with the solvent.
